The incidence of metabolic disorders like type 2 diabetes and obesity continues to increase. In addition to the well-known contributors to these disorders, such as food intake and sedentary lifestyle, recent research in the exposure science discipline provides evidence that exposure to endocrine-disrupting chemicals like bisphenol A and phthalates via multiple routes (e.g., food, drink, skin contact) also contribute to the increased risk of metabolic disorders. Endocrine-disrupting chemicals (EDCs) can disrupt any aspect of hormone action. It is becoming increasingly clear that EDCs not only affect endocrine function but also adversely affect immune system function. In this review, we focus on human, animal, and in vitro studies that demonstrate EDC exposure induces dysfunction of the immune system, which, in turn, has detrimental effects on metabolic health. These findings highlight how the immune system is emerging as a novel player by which EDCs may mediate their effects on metabolic health. We also discuss studies highlighting mechanisms by which EDCs affect the immune system. Finally, we consider that a better understanding of the immunomodulatory roles of EDCs will provide clues to enhance metabolic function and contribute toward the long-term goal of reducing the burden of environmentally induced diabetes and obesity. (Endocrinology 159: 32-45, 2018) 
T he worldwide incidence of metabolic diseases, including type 2 diabetes and obesity, has dramatically increased (1, 2) . In the United States alone, the linear timetrend forecasts predict an increase of 33% in prevalence of obesity (3) and 54% in prevalence of diabetes (type 1 and type 2) (4) within the next two decades. The World Health Organization envisages that these metabolic disorders will be a major cause of death by 2030, placing a substantial economic burden on the health care system globally (1, 2) . The factors underlying the explosion in the incidence of obesity and diabetes are multifactorial. Although we know overnutrition and sedentary lifestyle are among the top contributors, environmental exposure to a variety of synthetic chemicals may also play a substantial role (5-9).
We are ubiquitously exposed to environmental chemicals through food, drink, and skin contact, and exposure to these chemicals is associated with an increased risk of endocrine-related disorders in humans and animal studies (9) . The US Environmental Protection Agency and the Endocrine Society classify these exogenous chemicals as endocrine-disrupting chemicals (EDCs) because they can disrupt any aspect of hormone action (10, 11) . In particular, these chemicals have been shown to be associated with increased risk of diabetes and obesity; bisphenol A (BPA) (12) (13) (14) (15) (16) (17) (18) (19) , and phthalates (17, (20) (21) (22) (23) (24) (25) are two widely studied types of EDCs in this context. Although several mechanisms have been elucidated linking EDC exposure and later development of metabolic disease (26, 27) , there is relatively little known about how EDCs affect immune function and or about the interplay between EDCs, immune function, and metabolic health. This is a critically important question to address, because cross-talk between the immune and the metabolic systems is pivotal in promoting metabolic health throughout life (28) (29) (30) (31) (32) .
Exposure to EDCs has been associated with altered immune function, typically by either suppressing immunity, thereby increasing susceptibility to infections, or by enhancing the immune response leading to inflammation, allergies, or autoimmune diseases (33) (34) (35) (36) . In this review, we provide an overview of the role of the immune system in mediating metabolic health and then review studies that provide evidence of the effects of EDCs (BPA and phthalates, specifically) on the immune system, focusing on how these effects are associated with altered metabolic health.
Immune System and Its Role in Mediating Metabolic Health
Immune modulation of metabolic health has recently gained widespread attention. Both innate (e.g., natural killer cells, mast cells, eosinophils, basophils, and phagocytic cells like macrophages, dendritic cells, and neutrophils) and adaptive (e.g., CD8
+ and CD4 The cross-talk between the innate and adaptive immune systems has been explored in greater detail in adipose tissue (28) . Briefly, in obesity, the enlarged adipocytes produce chemotactic adipokines and chemokines such as monocyte chemotactic protein-1, leukotriene B4, which attract monocytes to adipocytes, where they become adipose tissue macrophages (37) . Additionally, adipocytes also secrete chemokines like C-C motif chemokine ligand 5, C-C motif chemokine ligand 20, and C-X-C motif chemokine ligand 12 that contribute to the recruitment of proinflammatory invariant NK T cells, CD8 + cytotoxic T cells, and Th17 cells of the adaptive immune system to adipose tissue (31, 38) . These cells release proinflammatory cytokines such as tumor necrosis factor a (TNF-a; from invariant NK T cells cells), interferon-g (IFNg; from cytotoxic T cells) and interleukin (IL) 17 (from Th17 cells) that promote polarization of adipose tissue macrophages to proinflammatory M1 macrophages (28, 31 (30, 39) . Once the receptors are triggered by either pathogens or cellular stress, a downstream signaling cascade is activated, which initiates the production of cytokines and chemokines. This amplifies the immune response and induces recruitment of antigen-presenting cells that activates the adaptive immune cell population to promote inflammation to resolve and restore normal tissue function (30, 39) .
There are three key interconnected, often overlapping, intracellular proinflammatory signaling pathways associated with metabolic disorders: nuclear factor-kB (NFkB)-inhibitor of kB kinase, c-Jun N-terminal kinase and activator protein-1 (JNK-AP1), and inflammasomes (29, 37) (Fig. 2) . These signaling pathways can be activated by different receptors like membrane bound Tolllike receptors (TLRs), TNF-a receptor, or cytoplasmic NOD-like receptors (NLRs) (29, 37) . In addition, mitochondrial dysfunction leading to production of reactive oxygen species, and increased endoplasmic reticulum stress leading to protein misfolding can also trigger these proinflammatory pathways (29, 37) (Fig. 2) . Once activated, the proinflammatory pathways increase serine kinase phosphorylation of IRS1 or IRS2 (which prevents the downstream insulin signaling) and transcription of inflammatory genes (i.e., cytokines, chemokines, and components of the inflammasome) (29, 37) (Fig. 2) . A combination of IRS1/2 phosphorylation and increased inflammatory gene transcription increases insulin resistance (29, 37) (Fig. 2) . Additionally, upon assembly, the inflammasome, a multiprotein complex comprising scaffold, adaptor, and caspase proteins, activates caspase-1, which subsequently cleaves the proinflammatory IL-1 family of cytokines into their bioactive forms like IL-1b and IL-18, leading to inflammatory cell death (e.g., pancreatic b-cell death associated with reduced insulin secretion) (29, (39) (40) (41) . IL-1b and IL-18 also further contribute to increased insulin Figure 1 . Role of immune system in mediating metabolic phenotype. The liver contains Kupffer cells (resident hepatic macrophages derived from yolk sac) and monocyte-derived recruited hepatic macrophages (recruited in liver from circulation), which become activated under metabolic distress and induce a proinflammatory phenotype by secreting a variety of inflammatory factors. This proinflammatory phenotype then contributes to hepatic steatosis and hepatic insulin resistance. Increased numbers of cytokines induce expression of genes involved in ceramide synthesis, an excess of which disrupts insulin signaling by inhibiting activation of Akt. In skeletal muscle, during metabolic distress, macrophages are recruited in myocytes. These accumulate within the intermyocyte adipocyte depots and in the surrounding vasculature, and secrete proinflammatory cytokines such as TNF, leading to decreased insulin signaling. In adipose tissue, activated adipocytes secrete adipokines and chemokines, which recruit monocytes (once recruited they become adipose-tissue macrophages) and proinflammatory invariant NK T cells, cytotoxic T cells (CD8 + ), and Th17 cells to adipocytes. The proinflammatory cells secrete proinflammatory TNF-a, IFN-g, and IL-17, which polarize adipose-tissue macrophages to proinflammatory M1 macrophages. M1 macrophages with MHC II antigen presentation polarize naïve CD4 + cells to Th1 cells. Th1 cells, in turn, produce TNF-a and IFN-g and further activate M1 macrophages, establishing a vicious cycle. The proinflammatory cytokines inhibit insulin signaling by direct serine phosphorylation of IRS1, thereby inducing insulin resistance. In the pancreas, in rodent models of type 2 diabetes and insulin resistance, macrophage infiltration into pancreatic islets is increased. Various signals within pancreatic islets activate macrophage NLRP3 inflammasomes, which subsequently cleave the proinflammatory IL-1 family of cytokines into their bioactive forms like IL-1b and IL-18, which bind to IL-1R1 on pancreatic islets, triggering inflammation-induced cell death. This eventually reduces insulin secretion. Furthermore, increased saturated fatty acid levels can induce lipotoxicity and b-cell apoptosis. In the intestine, in obesity and diabetes, the dysbiotic microbiota produces many metabolites, all of which can enter the circulation and negatively influence energy metabolism and insulin sensitivity. Additionally, altered metabolic state gastrointestinal leakiness can result in microbial products such as lipopolysaccharide gaining access to the circulation. Lipopolysaccharide in the bloodstream can contribute to insulin resistance by promoting tissue inflammation. In the circulatory system, minute cholesterol crystals in early atherosclerotic lesions activate the NLRP3 inflammasome in mmLDL-primed macrophages, promoting inflammatory cell infiltration and increased atherosclerosis. mmLDL, minimally modified low-density lipoprotein.
resistance (29, 37) (Fig. 2) . Inflammasomes can sense various signals of disrupted homeostatic cellular processes; therefore, they serve as a cytoplasmic surveillance system (30) (Fig. 3) . Strowig et al. (30) and Osborn and Olefsky (37) provide in-depth reviews of cellular inflammatory signaling and the role of inflammasomes in mediating metabolic health.
In addition to the proinflammatory signaling pathways, anti-inflammatory signaling is triggered by G-protein coupled receptor 120, estrogen receptor a (ERa), and interleukin receptor 10, which attenuates insulin resistance (29, 37, 42) (Fig. 2) . Although proinflammatory signaling usually triggers insulin resistance and glucose intolerance, a fine balance between pro-and anti-inflammatory cytokine levels determines the magnitude of inflammation and is essential in maintaining metabolic homeostasis.
EDCs and Effects on Immune Cells and Cytokine Levels
The effect of EDCs on the immune system has been studied largely in the context of allergy and autoimmune disorders (33) (34) (35) (36) . Human epidemiological studies have shown an association between increased EDC exposure and development of allergic disease; this is reviewed elsewhere (33) (34) (35) (36) . Emerging evidence from animal studies also suggests that EDC exposure during the critical developmental stages of pregnancy and lactation could adversely affect the developing immune system in the offspring, leading to health defects later in life. For example, exposure of pregnant female rodents to varying relevant human-exposure levels of BPA (ranging from the lowest observed adverse effect level dose of 50 mg/kg/d to Figure 2 . Inflammation-associated signaling pathways involved in insulin resistance. Proinflammatory signaling induces insulin resistance: Activation of TLR2 or TLR4 and/or TNFR initiates association of TAK1 and TAK1-binding protein 1, which, in turn, activates the NFkB IKK, JNK, and activator protein 1 pathways. Mitochondrial dysfunction leading to production of reactive oxygen species can also trigger IKK and JNK pathways, as can ER stress. Once triggered, IKK and JNK pathways activate serine kinase phosphorylation of IRS 1 and IRS2 and transcription of inflammatory genes. Together, these increase insulin resistance. Once assembled, the inflammasome activate caspase-1 subsequently cleaves the proinflammatory IL-1 family of cytokines into their bioactive forms, which further contribute to increased insulin resistance. Anti-inflammatory signaling reduces insulin resistance: Binding of omega-3 FAs activates GPR120, which initiates anti-inflammatory signaling by blocking TAK activation. Bonding of estrogen to estrogen receptor a (ERa) initiates anti-inflammatory response by blocking IKK-NFkB signaling. IL-10 binding to IL-10R also initiates anti-inflammatory signaling. The anti-inflammatory signals reduce insulin resistance. Akt, serine threonine kinase; ASC, apoptosisassociated speck-like protein containing a caspase recruitment domain; ER, endoplasmic reticulum; FA, fatty acid; GPR120, G-protein coupled receptor 120; IKK, inhibitor of kB kinase; IL-10R, IL-10 receptor; IRAK, interleukin 1 receptor associated kinase 1; Myd88, myeloid differentiation primary response gene 88; NLRP3, NOD-like receptor protein 3; PI3K, phosphoinositide 3-kinase; RIP, receptor interacting protein; SFA, saturated fatty acid; TAK1, transforming growth factor-b-activated kinase 1; TNFR, tumor necrosis factor receptor; TRADD, TNF receptor associated death domain; TRAF6, TNF receptor associated factor 6; TRIF, TIR domain containing adaptor protein inducing IFN-b; b-arr 2, b-arrestin 2.
50 mg/kg/d, at which there is no observed adverse effect) has been shown to adversely affect the immune system of the offspring (43) (44) (45) (46) . Most of these studies observed an imbalance in proinflammatory and anti-inflammatory immune responses with consequent detrimental effects (e.g., development of food intolerance or antigen-specific antibody production) in young rats (43), 12-week-old BALB/c mice (44), 6-month-old isogenic mice (45) , and 8-week-old C57BL/6 mice (46). Although there was some discrepancy in results between these studies with regard to the effect of exposure to lower-dose BPA (,50 mg/kg/ d) on the immune response, the differences are likely due to differences in route (oral gavage vs feed) and timing (preconception through lactation vs pregnancy only) of BPA exposure, measurement of different end points (allergy vs asthma), or the use of different rodent species or strains. Interestingly, all four studies observed an increase in a proinflammatory Th1 response in the offspring.
Although the effect of EDC exposure on increasing the risk of allergies and autoimmunity has been widely studied, evidence of the effects of EDC exposure on the immune system and its role in mediating metabolic health is sparse. Many researchers have used in vitro models to determine the immunomodulatory metabolic effects of EDC exposure. Exposure of human umbilical vascular endothelial cells to environmentally relevant doses of 3.4 mmol/L, or 5 mmol/L of polychlorinated biphenyl, a common environmental pollutant, increased proinflammatory NFkB gene transcription, which was associated with increased IL-6, TNF-a protein expression, and reduced insulin induced Akt phosphorylation levels (47) . Similarly, exposure of human subcutaneous adipose tissue explants in vitro to 10 nM of BPA resulted in increased IL-6 and TNF-a levels and reduced levels of adiponectin (48); adiponectin is anti-inflammatory and typically increases insulin sensitivity (49) . There is additional evidence of BPA-exposure activation of the JNK and NFkB pathways, increased proinflammatory cytokine levels, and insulin resistance in 3T3-L1 cells (a human adipocyte cell line) (50, 51). Notably, cytokineinduced cell death was not observed in INS-1E cells (a Signal 2 includes organelle dysfunction (e.g., loss of plasma membrane integrity, lysosome rupture, mitochondrial dysfunction, ROS production, or autophagy induced by endoplasmic reticulum stress), invasion of microbial products (e.g., microbial protein, DNA), and perturbed homeostatic set points of cellular processes (e.g., aberrations in metabolites or influx of ions). Once assembled, the inflammasomes activate caspase-1, which subsequently cleaves the proinflammatory IL-1 family of cytokines into their bioactive forms, leading to pyroptosis. ASC, apoptosis-associated speck-like protein containing a caspase recruitment domain; ER, endoplasmic reticulum; NLRP3, NOD-like receptor protein 3; ROS, reactive oxygen species.
pancreatic b-cell line) exposed to either between 1 and 500 nM BPA or phthalates for 72 hours (52). Nevertheless, the authors of this latter study observed reduced b-cell viability (at 5, 50, and 500 mM BPA), and reduced maximal glucose-stimulated (16.7 mM) insulin secretion in the INS-1E cell line exposed to 100 mM BPA for 72 hours relative to unexposed controls (52) . However, typically, human levels of BPA range from 0.3 to 5 ng/mL (;1 to 20 nM) (53) . This last study used significantly higher doses of BPA in in vitro experiments. Therefore, these studies need to be repeated with lower doses of BPA.
Nonetheless, the findings from these in vitro studies indicate that exposure to EDCs is associated with impaired metabolic end points such as endothelial cell function, insulin sensitivity, and insulin secretion, with most studies indicating a potential correlation with proand anti-inflammatory cytokine imbalance. These studies need to be confirmed in in vivo models. Furthermore, it is highly likely that there is cross-talk between the immune effects of EDCs in different organs. For example, changes in adipose tissue are likely to affect muscle and, perhaps, the pancreas as well, as illustrated in Fig. 1 . Therefore, the contribution of different immune cell populations in different organs to this cytokine imbalance requires further investigation.
Few studies report that effects of BPA on T-cell immunomodulation may be dose specific. For instance, 1 mg/L BPA (;160 mg/kg/d) exposure increased levels of splenic IFN-g, TNF-a, and IL-6, whereas exposure to 10 mg/L BPA (1600 mg/kg/d) reduced levels of these cytokines in a streptozotocin-induced model of type 1 diabetes in male mice (54) . These splenic changes were associated with the development of insulitis later in life (54) . Our recent study showed that maternal exposure to 10 mg and 10 mg/kg/d of BPA from preconception through lactation was associated with increased numbers of T lymphocytes and macrophages, and increased proinflammatory cytokine levels in the pancreas of adult male mice offspring across two generations (55) . This alteration in immune cell population and cytokine levels was associated with dose-specific effects of BPA on mitochondrial dysfunction and reduced b-cell mass in male mice. In both these studies, the effects were reported in male mice only. There is paucity of research examining the mechanisms underlying the sex-specific effects of EDCs on the immune system. A recent study demonstrated that BPA exposure sex-specifically altered cellular and microanatomical structures of the spleens in CD1 mice (56) . It is possible that the differences in phenotypes observed in EDC exposure between sexes is related to sex-specific effects on immune function. This remains to be determined and is potentially an exciting area of research.
Taken together, these studies suggest it is possible that EDCs may be mediating their effect on the metabolic health via the immune system. Although most studies indicate that EDC exposure may induce a proinflammatory phenotype and increase cytokine-induced cell death, some findings are contradictory and it is possible that EDCs dampen the anti-inflammatory response, thereby upsetting the balance between pro-and anti-inflammatory responses. Additional research is required to clarify and substantiate these studies.
Potential Immunomodulatory Mediators of EDC Exposure
The effects of EDCs on the immune system are likely to be mediated via multiple mechanisms. In this section, we describe four possible mediators, which can be affected by EDCs and have been shown to be critical for maintaining metabolic homeostasis.
EDCs, receptors, and inflammation
It is well known that many EDCs mediate their effects on multiple organs by binding to various receptors. Similarly, EDCs may also mediate their effects on the immune system via these receptors. Some of the commonly studied receptors in this context are estrogen receptors, estrogen-related receptors (ERRs), peroxisome proliferator-activated receptor g (PPARg), TLRs, and NLRs. For example, BPA and phthalates alter cytokine levels, and this may be mediated through estrogen receptors (57). Interestingly Miao et al. (58) reported that ERa gene expression was reduced in male, but increased in female, first-and second-generation offspring of maternally BPA-exposed F344 rats. These changes were associated with reduced levels of IL-2, IL-12, IFN-g, and TNF-a in spleen of all BPA-exposed groups across two generations (58) . Consistent with these previous findings, we recently reported that first-and second-generation male offspring of maternally BPA-exposed mice had reduced expression of ERa gene expression in islets, and this was associated with increased proinflammatory cytokine levels in pancreatic lysates (55) . Estrogen receptor signaling also has been shown to be altered by other EDCs like nonylphenol and 4-octylphenol, byproducts of domestic and industrial detergents, in human myeloid dendritic cells (59) . It is known that ERa has antiinflammatory action such that it can block NFkB signaling and reduce expression of inflammatory genes (42, 60, 61) . Therefore, it is possible that altered levels of cytokines observed in EDC-exposed animals may be due to EDCs' consequent effect on ERa expression; thus indicating that ERa may be one way via which EDCs can alter cytokine levels.
EDCs such as BPA have greater affinity for ERRs than they do for estrogen receptors. ERRs are involved in regulating multiple functions, including oxidative metabolism and activation of effector T cells (62, 63) . BPA has been shown to alter the expression of estrogen receptors and ERRs in a sex and dose-specific manner (64) . Recently, it has been shown that BPA may alter T-cell function by modulating ERRa expression (65) . These results suggest that ERRs may also be potential targets of the immunomodulatory role of EDCs; however, these results need to be confirmed in other model systems.
Another receptor by which EDCs can mediate their effect is PPARg, an adipocyte-specific nuclear hormone receptor essential for regulating adipogenesis (66) . PPARg typically has an anti-inflammatory effect (67) . BPA analogs like tetrabromobisphenol A and bisphenol A diglycidyl ether have been shown to antagonize PPARg agonists in vitro and in vivo, respectively (68, 69) . Thus, by disrupting PPARg's anti-inflammatory action, EDCs could direct immune cells toward a proinflammatory phenotype.
As mentioned, TLRs play a key role in mediating an inflammatory phenotype. EDCs have been shown to act via TLRs, although the evidence is contradictory. For example, when zebrafish embryos were exposed to humanrelevant doses of 0.1 mg/L, 1 mg/L, 10 mg/L, 100 mg/L, and 1000 mg/L BPA for 4 to 168 hours postfertilization, gene expression of the proinflammatory cytokines IL-1b and IFN-g, and key components of the TLR pathway was increased relative to that of aqueous controls that were exposed to dechlorinated tap water (70) . However, in humans, the levels of BPA in cord blood from women who had high occupational BPA exposure negatively correlated with TLR3, TLR4-induced TNF-a response, and TLR7-8-stimulated IL-6 response in neonatal mononuclear cells (71) . These authors did not observe a BPA dose-response relationship and also found no increased risk of infection in 1-year-old infants (71) . Therefore, it is unclear whether EDCs like BPA have stimulatory or inhibitory action via TLRs ,and more studies need to be done to elucidate these effects.
Finally, as discussed, inflammasome assembly leads to release of bioactive IL-1b and IL-18, and initiates an inflammation-mediated cell death (e.g., pancreatic b-cell death) and insulin resistance; therefore, it is critical in regulating metabolic health. Recent studies indicate EDC exposure can affect the assembly of inflammasomes. For example, the environmental chemical, perfluorodecanoic acid has been shown to stimulate NLRP3 inflammasome assembly in a gastric cell line and, in mice, is also associated with increased IL-1b and IL-18 levels in stomach tissue, leading to gastric inflammation (72) . Perfluorodecanoic acid is found commonly in food and drinks because of its use in manufacturing nonstick cookware, fire-fighting foam, and many other industrial products (72) . Similarly, other environmental chemicals like silica and asbestos. once phagocytosed by pulmonary macrophages. activate the assembly of inflammasomes through reactive oxygen species production and lysosomal rupture, leading to silicosis and asbestosis (73, 74) . BPA exposure has been shown to activate NLPR3 inflammasome assembly by inducing IFN-g signaling in murine bone marrow-derived cells (75) . Thus, various environmental chemicals can activate inflammasome assembly and lead to abnormal pathological responses. In particular, a recent study demonstrated that phthalate exposure activated NLRP3 inflammasome assembly in a hepatic cell line, indicating a potential role in phthalate-exposure-related liver damage (76) . We know the liver is central in maintaining insulin sensitivity and perturbed inflammasome-mediated liver function may increase metabolic imbalance in the body. Because the studies in this paragraph were carried out in cell lines, there is a critical need for research in in vivo animal models to substantiate the effects of EDCs on inflammasomes in mediating abnormal metabolic health.
Thus, the effects of EDCs on the aforementioned receptors with consequent effects on immune regulation appear to be an emerging mechanism by which EDCs may be triggering impaired metabolic health. However, additional work in this area will need to be done to clarify whether this is, indeed, the case and, if so, what are the principle modes of action (i.e., whether EDCs do so by degrading the target receptor, by disrupting the ligand receptor interaction, or, perhaps, indirectly by initiating coactivator and/or corepressor recruitment).
EDCs, microbiome, and inflammation
The gut microbiota vary substantially from person to person (77) . Different EDCs can be differently metabolized by gut microbiota, which can alter the absorption, distribution, metabolism, and excretion of these chemicals. Depending on the mode of metabolism by gut microbiota, the ingested chemicals could be either more or less bioavailable, which would obviously affect their toxicity. Due to significant interhuman variation in the gut microbiota (77), individuals could metabolize EDCs differently, with potentially variable health outcomes. The effects of EDCs on the gut microbiota are reviewed elsewhere (78) (79) (80) . Briefly, using 16S RNA sequencing, scientists have characterized the microbial population in rodents postnatally exposed to different EDCs, like BPA (81), diethyl phthalate, methylparaben, triclosan, a mixture of these chemicals (82), or polychlorinated biphenyls (83) . Exposure to these EDCs either favored or reduced growth of specific gut microbial populations (81) (82) (83) (84)]. Interestingly, in California mice, exposure from periconception through weaning to 50 mg/kg feed weight of BPA and 0.1 ppb of ethinyl estradiol favored growth of a beneficial gut bacterium (Bifidobacterium) in female offspring (85) . In contrast, BPA exposure increased the percentage of detrimental gut bacterium (Akkermansia, and Methanobrevibacter) in male offspring (85) . Detailed reviews are available (78) (79) (80) . Taken together, these studies suggest exposure to EDCs can impair the normal gut microbiome and potentially adversely impact metabolic health.
The gut microbiome plays an essential role in regulating fat storage (86) , regulating intestinal capability to extract energy from food (87) , modulating levels of hormones that regulate appetite (88) , and altering inflammatory pathways (89) (90) (91) . A perturbed gut microbiota, termed dysbiosis, produces many metabolites, including acetate, bile-acid derivatives, and short-chain fatty acids, all of which can enter the circulation and negatively influence energy metabolism and insulin sensitivity. Additionally, in obese individuals, increased fasting glucose and insulin levels, and homeostatic model assessment index is associated with gastrointestinal "leakiness" in which microbial products such as LPS, or even bacteria, can gain access to the circulation (87) . LPS in the bloodstream can contribute to insulin resistance by promoting tissue inflammation, which has consequent effects on metabolic health (Figs. 1 and 2) . Unexpectedly, therefore, perturbations in the gut microbiome have been associated with obesity (87, 92) and diabetes (93) . In fact, altering the gut microbiome has been shown to improve glycemic control or initiate weight loss in patients with type 2 diabetes and obesity independent of caloric intake, as evident in patients after bariatric surgery (94, 95) .
Although it is evident from previous studies that EDCs can influence the gut microbiome, the mechanisms underlying these effects remain to be elucidated. Data from a recent study suggest exposure to EDCs may modify the gut microbiome and increase the risk of metabolic diseases, as observed in mice exposed to persistent organic pollutants (96) . This interaction of persistent organic pollutants with the gut microbiome was shown to be mediated via aryl hydrocarbon receptor activation (96) . However, these findings remain to be confirmed by other studies. Results of elegant knock-out studies in mice suggest components of the innate immune system like TLR5 (97) or inflammasomes (98) play a critical role in modulating the gut microbiome and contribute to the development of an abnormal metabolic phenotype. As discussed, EDCs can alter these innate immune system components; therefore, it is possible that EDCs may mediate their effects on the gut microbiome via the immune system. Alternatively, EDCs might affect the gut microbiome independent of the immune system, and a dysbiotic gut microbiome, itself, can trigger inflammatory response contributing to insulin resistance and a diabetic phenotype (89) (90) (91) (92) (93) . Research needs to be done to provide a better understanding of the interaction of EDCs, the microbiome, and the immune system.
EDCs, oxidative stress, and inflammation
Many studies have demonstrated that exposure to EDCs impairs mitochondrial function in metabolic tissues, including liver (99, 100) and pancreas (101) (102) (103) . Similarly, EDCs have been shown to increase endoplasmic reticulum stress in in vitro and in vivo studies involving kidney (104) , pancreas (105, 106) , and liver (107) . Mitochondrial dysfunction and endoplasmic reticulum stress are associated with increased oxidative stress (108) and metabolic dysfunction (109) . Increased oxidative stress can activate various inflammatory pathways and increases the risk of metabolic abnormalities such as insulin resistance, diabetes, and obesity (Fig. 3) . Consistent with these observations is evidence suggesting that BPA exposure is associated with increased oxidative stress and increased proinflammatory cytokine levels in vivo (110) and in vitro (111) in the liver. BPA exposure has also been shown to activate NFkB signaling, increase cell death, and reduce insulin secretion in ex vivo cultures of primary murine pancreatic islets (112) . As mentioned, we have shown that maternal BPA exposure was associated with mitochondrial dysfunction and proinflammatory cytokine levels in the pancreas of adult male mice offspring across two generations (55) . In our study, we did not determine whether oxidative stress was a contributory factor. However, effects of EDC on oxidative stress in mediating metabolic health remain an interesting possibility to be confirmed by future studies.
EDCs, circadian disruption, and inflammation
It is now well accepted that disruption in circadian rhythm impairs metabolic homeostasis in humans and animals (113) . Chronic inflammation is a key factor underlying the metabolic syndrome; in addition to considering the effects of circadian disruption on metabolic health, several studies have shown circadian disruption potentiates inflammation. Using a genetic manipulation approach, it has been demonstrated that circadian disruption such as deletion of the period 2 (Per 2) clock gene was associated with reduced function of NK cell function as characterized by reduced IFN-g levels in NK cells of spleen of Per2 2/2 knockout mice (114) and reduced granzyme B and perforin levels in an RNA interferencemediated Per2 knockdown-derived NK cell line (115) . Similarly, lifestyle factors such as sleep/wake pattern, shift work, and jet lag, which lead to circadian disruption, are associated with altered immune system function. For example, irregular sleep/wake patterns are associated with increased secretion of proinflammatory cytokines (116) and increased risk of infections (117, 118) . Also, isolated peritoneal macrophages from mice exposed to four consecutive, weekly, 6-hour phase advances of the light/dark schedule produced increased proinflammatory cytokines in response to LPS, strongly suggesting that jetlag-related circadian disruption affects the innate immune system (119) . In fact, key metabolic hormones like glucocorticoids and melatonin are affected by circadian disruption and have been shown to influence immune function (120, 121) . Recent study findings suggest EDCs can disrupt circadian rhythmicity. For example, higher BPA urinary levels are associated with sleep deprivation in US adults in the National Health and Nutrition Examination Survey cohort, suggesting that BPA exposure can alter the normal circadian cycle (122) . Moreover, 8-week-old C57BL/6 mice exposed for 12 weeks to tolylfluanid, a common fungicide found in European agricultural products, exhibited reduced respiratory exchange ratios in dark phase, increased total calorie consumption, decreased energy expenditure, and daily activity in light phase compared with unexposed controls (123) . These findings suggest tolylfluanid exposure disrupts the normal circadian feeding and energy expenditure pattern in mice. Interestingly, it has also been shown that maternal EDC exposure is associated with offspring circadian disruption. For example, exposure of female mice from 5 weeks before mating throughout lactation to a low-dose mixture of EDCs including 2,3,7,8-tetrachlorodibenzo-pdioxine [2 pg/kg body weight per day (bw/d)], polychlorinated biphenyl 153 (80 ng/kg bw/d), diethylhexyl-phthalate (50 mg/kg bw/d), and BPA (5 mg/kg bw/d) was associated with changes in expression of several genes (measured by microarray analysis) regulating circadian clock metabolic pathways in the liver of 12-week-old female offspring (124) . These microarray findings were confirmed by quantitative polymerase chain reaction, which revealed increased mRNA expression levels of the clock genes Per1 and reduced ArntI (which encodes BMAL1) in the liver of female offspring (124) . These changes were associated with genotypic changes indicating reduced steroid and fatty acid synthesis, and increased cholesterol and steroid transport and lipid accumulation, as well as phenotypic changes of increased hepatic triglyceride levels and mild insulin resistance in female offspring (124) .
Thus, emerging evidence indicates that EDC exposure is associated with circadian disruption. In light of multiple studies demonstrating that circadian disruption can modulate immune function, it is possible that EDCinduced circadian disruption may be a potential mechanism underlying EDC-induced immune dysfunction, which may exacerbate environment-induced metabolic disorders. This area of research requires further exploration.
Conclusion
The cross-talk between the immune system and metabolic tissues has been well explored and it is now accepted that immune dysfunction increases our risk of various metabolic disorders, including diabetes and obesity. Therapies have been developed to target different components of the immune system to improve metabolic health. Despite the complexity of the immune landscape, targeting a single immunologic factor in clinical trials has met with some success in treating type 2 diabetes and insulin resistance in obesity (125) (126) (127) (128) .
Our ubiquitous exposure to environmental chemicals further aggravates the risk of developing metabolic diseases. Dysregulation of the immune system has recently emerged as a novel mediator of this EDC-metabolic dysfunction cross-talk. The immunomodulatory role of EDCs could serve as a unifying mechanism underlying EDC-mediated metabolic dysfunction (Fig. 4) . However, much research needs to be done to support this hypothesis. Moreover, in vitro and in vivo animal studies need to be verified in humans to establish clinical relevance. Research in the EDC field should consider the immune system as a major EDC target, thus allowing the development of novel treatment and prevention strategies against environment-induced metabolic diseases.
